In recent years, synthetic analogues of naturally occurring cathinone have emerged as psychostimulant-like drugs of abuse in commercial 'bath salt' preparations. 3,4-Methylenedioxypyrovalerone (MDPV) is a common constituent of these illicit products, and its structural similarities to the more well-known drugs of abuse 3,4-methylenedioxymethamphetamine (MDMA), and methamphetamine (METH) suggest that it may have similar in vivo effects to these substances. In these studies, adult male NIH Swiss mice were trained to discriminate 0.3 mg/kg MDPV from saline, and the interoceptive effects of a range of substitution doses of MDPV, MDMA, and METH were then assessed. In separate groups of mice, surgically implanted radiotelemetry probes simultaneously monitored thermoregulatory and locomotor responses to various doses of MDPV and MDMA, as a function of ambient temperature. We found that mice reliably discriminated the MDPV training dose from saline and that cumulative doses of MDPV, MDMA, and METH fully substituted for the MDPV training stimulus. All three drugs had similar ED 50 values in this procedure. Stimulation of motor activity was observed following administration of a wide range of MDPV doses (1-30 mg/kg), and the warm ambient temperature potentiated motor activity and elicited profound stereotypy and self-injurious behavior at 30 mg/kg. In contrast, MDPV-induced hyperthermic effects were observed in only the warm ambient environment. This pattern of effects is in sharp contrast to MDMA, where ambient temperature interacts with thermoregulation, but not locomotor activity. These studies suggest that although the interoceptive effects of MDPV are similar to those of MDMA and METH, direct effects on thermoregulatory processes and locomotor activity are likely mediated by different mechanisms than those of MDMA.
INTRODUCTION
A variety of ring-and side-chain-substituted analogues (bketophenethylamines) of the plant-derived cathinone have recently emerged as drugs of abuse, typically marketed on the internet and at head shops as 'research chemicals,' 'plant food,' or, most commonly, 'bath salts.' The American Association of Poison Control Centers reported that, from 2010 to 31 July 2012, 8520 calls relating to human exposures to 'bath salts' were processed (AAPCC, 2012) . Similarly, the Drug Enforcement Administration System to Retrieve Information from Drug Evidence received a total of 76 857 drugs in 2010, 35 of which were synthetic cathinones-most commonly identified as 3,4-methylenedioxypyrovalerone (MDPV; 27 reports or 77%) (US DEA, 2011) . The data compiled from law enforcement and poison control centers thus suggest that the abuse of synthetic cathinones appears to be continuing to spread and proliferate, and sensationalistic media reports of extremely bizarre behaviors in those suspected to have used 'bath salts' has fueled scientific and regulatory interest in these compounds.
Some of the synthetic cathinones have thus far remained uncontrolled, but many of the more common compounds, including MDPV, have been regulated as Schedule I controlled substances in the United States (Leonhart, 2011) . In addition to MDPV, numerous other cathinone analogues, including 4-methylmethcathinone (mephedrone, 4-MMC) and 3,4-methylenedioxymethcathinone (methylone) have been identified in 'bath salt' preparations (Ross et al, 2011; Spiller et al, 2011) , but MDPV remains the drug most commonly detected by Emergency Department screens on blood and urine samples from those experiencing untoward effects after exposure to these commercial products in the United States (Kyle et al, 2011; Spiller et al, 2011; Borek and Holstege, 2012; Murray et al, 2012) . Despite these indications that MDPV may be a growing public health concern, it remains the case that scant information is available regarding its mechanism of action or in vivo effects. In this regard, the structurally similar pyrovalerone has been shown to stimulate spontaneous locomotor activity in rodents (Fauquet et al, 1976; Vaugeois et al, 1993) and to induce stimulant-like actions in humans (Holliday et al, 1964; Goldberg et al, 1973) . More recently, it was demonstrated that pyrovalerone has cocaine-like effects at dopamine reuptake transporters (Heron et al, 1994; Tidjane Corera et al, 2001; Meltzer et al, 2006) and that these effects are also apparent in MDPV itself (Baumann et al, 2012b; Simmler et al, 2012) . In an early study, orally administered MDPV was demonstrated to induce locomotor-stimulant effects in mice (Fuwa et al, 2007) , and this year, studies have reported that MDPV elicits locomotor stimulation (Huang et al, 2012) and possesses reinforcing effects in rats (Watterson et al, 2012) . All of these findings are consistent with a psychostimulant-like profile of action for this compound.
In this regard, MDPV bears some structural similarities with the more well-known phenethylamine psychostimulants 3,4-methylenedioxymethamphetamine (MDMA) and methamphetamine (METH) (Figure 1 ), suggesting that it may possess behavioral and physiological effects similar to these two substances. Importantly, in the mouse, MDMA is much more of a dopaminergic agent than it appears to be in other species, eliciting neurochemical and behavioral effects similar to those of METH after both acute and chronic treatment (O'Callaghan and Miller, 1994; Mann et al, 1997; Itzhak and Achat-Mendes, 2004; Fantegrossi et al, 2008; Panas et al, 2010; Granado et al, 2011; Murnane et al, 2012) . These observed similarities between the effects of MDMA and METH are likely because of similar neuropharmacology of these compounds in the mouse. Thus, understanding whether or not MDPV elicits effects similar to those of MDMA and METH in the mouse is critical to formulating appropriate public health responses to this emerging drug of abuse. Therefore, in these studies, we used drug discrimination to compare the interoceptive effects of MDPV with those of MDMA and METH in mice. As negative controls, we also substituted the synthetic cannabinoid JWH-018 (1-pentyl-3-(1-naphthoyl)indole)) and the opioid morphine. In addition, we studied the time course of discriminative stimulus effects of MDPV after a single bolus dose. We also used simultaneous radiotelemetry of core temperature and locomotor activity to study the effects of MDPV on these two end points. Of particular interest was an evaluation of the potential of ambient temperature to have an impact on MDPV effects. Previous studies have shown that the thermoregulatory effects of MDMA depend critically on ambient temperature, with the same doses of MDMA eliciting hypothermia at low ambient temperatures, and hyperthermia at high ambient temperatures (Dafters, 1994; Malberg and Seiden, 1998) . Importantly, the locomotor-stimulant effects of MDMA are not affected by ambient temperature (Dafters, 1994; O'Shea et al, 2005) . Similarly, the structurally similar synthetic cathinone 4-MMC has recently been shown to exhibit thermoregulatory and locomotor effects distinct from those of MDMA or METH (Wright et al, 2012) , suggesting that an evaluation of the role of ambient temperature in MDPV effects is warranted.
MATERIALS AND METHODS

Animals
All studies were carried out in accordance with the Guide for Care and Use of Laboratory Animals as adopted and promulgated by the National Institutes of Health. ) in a temperature-controlled room in an Association for Assessment and Accreditation of Laboratory Animal Care-accredited animal facility. Room conditions were maintained at 22±2 1C and 45-50% humidity, with lights set to a 12-h light/dark cycle. Animals were fed Lab Diet rodent chow (Laboratory Rodent Diet no. 5001, PMI Feeds, St Louis, MO) and, with the exception of mice used in drug-discrimination experiments, were fed ad libitum until immediately before testing. Mice used in drug-discrimination experiments were food restricted for the duration of all studies, and their weights were maintained at approximately 30 g with supplemental feedings after daily behavioral sessions. All test conditions used groups of five or six mice, and all mice were drug naive (with the exception of surgical anesthetics) before testing.
Procedures
Drug discrimination. Mice (n ¼ 6) were trained to discriminate 0.3 mg/kg MDPV from saline in standard operant chambers for mice that were individually enclosed in larger lightproof Malaguard sound-attenuating cubicles (MED Associates, St Albans, VT). The side wall of each chamber used in these studies was equipped with an aperture through which liquid reinforcement was delivered, driven by a dipper mounted outside the chamber but within the cubicle. The reinforcement aperture was centered between two retractable levers and contained an amber stimulus light, which was illuminated during reinforcer delivery.
Lever training: Mice were trained 5 days per week to respond in two-lever operant conditioning boxes, reinforced by 2 s of access to a palatable liquid reinforcer (approximately 0.02 ml evaporated milk diluted 1 : 1 with water). Upon completion of the response requirement on either lever, that lever was retracted and reinforcement was delivered. After a brief (10 s) time-out (TO), mice were required to complete the response requirement on the remaining lever. Both levers were reintroduced into the chamber after the 10-s TO. In this manner, mice received equivalent reinforcement from each lever, and no subsequent biases for one lever or the other were noted. Animals were initially maintained on a fixed ratio 1 (FR 1) schedule 
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WE Fantegrossi et al of reinforcement in sessions lasting 60 min or until 60 reinforcers had been earned (whichever came first.) The FR value increased by one increment every 20th reinforcer earned within a given session, and the FR value achieved was carried over between sessions until mice were responding under an FR 10. This segment of the training was complete when mice reached an FR 10 and earned all 60 available reinforcers for at least 5 consecutive days. Discrimination training: Mice were trained during daily 30 min sessions to discriminate their training dose (0.3 mg/ kg MDPV) from saline vehicle. When animals were injected with the training dose, responses on the drug lever (DL) produced the reinforcer. When administered a saline injection, responses on the saline lever (SL) were reinforced. Injections were administered intraperitoneally 10 min before extension of the response levers, signaling the start of the behavioral session. During discrimination training, responses on the incorrect lever reset the FR on the injection-appropriate lever, but had no other programmed consequences. Completion of the FR 10 on the injectionappropriate lever was reinforced. Percent drug-appropriate responding was calculated as the number of responses emitted on the injection-appropriate lever divided by the total number of responses on both levers, multiplied by 100. Training was composed of an alternating schedule of drug or saline injection. Subjects were switched from saline to drug or vice versa for the next day of training if they achieved a criterion of 485% injection-appropriate responding. Drug-induced stimulus control was assumed to be present when, in five consecutive sessions, animals achieved 80% or better injection-appropriate responding.
Substitution testing: After stimulus control was established with the training drug, tests were conducted once or twice per week in each animal so long as performance did not fall below the criterion level of 80% injection-appropriate responding in any one of the previous three training sessions. Approximately half of the test sessions were conducted the day after saline training sessions with the remainder following drug training sessions. During test sessions, a multiple-component cumulative dosing procedure was used, and no responses were reinforced. Each component was terminated after the emission of 10 responses on either lever. Mice were then removed from the chamber, administered the next cumulative dose, and returned to the chamber. Ten minutes later, levers were reextended into the experimental space. In this manner, four doses of drug could be tested in a single session, over approximately 40 min. The distribution of responses between the two levers was expressed as a percentage of total responses emitted on the drug-appropriate lever. Response rate was calculated for each session by dividing the total number of responses emitted on both levers by the elapsed time before 10 responses on either lever. Two 'all saline' substitution sessions were conducted to ensure discriminative performance would be maintained across multiple components, and to obtain baseline response rates against which to compare the effects of MDPV, MDMA, and METH, as well as the negative control compounds JWH-018 and morphine.
Complete generalization of a training drug to a test drug is said to be present when (a) a mean of X80% of all test responses occurs on the drug-appropriate lever and (b) there is a statistically significant difference between the response distributions of the test drug and saline control sessions. An intermediate degree of generalization is defined as being present when response distributions after a test drug are o80% drug-appropriate lever and are significantly different from saline control sessions. Finally, when the response distribution after a test drug is not statistically different from that in saline control sessions, an absence of generalization of the training drug to the test drug is assumed. Failure to complete an FR 10 on either lever within 10 min terminated the sessions and indicated disruption of schedule-controlled behavior. In this manner, saline, MDPV, MDMA, METH, and negative control drugs JWH-018 and morphine were tested in all mice on at least two occasions.
Time-course experiments were performed in a manner similar to that previously described . Briefly, mice were injected with a single bolus dose of MDPV, then placed in the operant chamber. Ten minutes later, levers were extended into the experimental space, and would remain there until 10 responses were emitted on one lever or the other, with the constraint that this response requirement must be met within 10 min. No responses were reinforced, and levers were retracted for 10 min before being reintroduced for another component identical to that previously described. In this manner, the time course of discriminative stimulus effects could be assessed at 10-min intervals, over 80 min.
Radiotelemetry of thermoregulation and locomotor activity. Once anesthetized with inhaled isoflurane, the abdominal area of each mouse was shaved and sanitized with iodine swabs. A rostral-caudal cut approximately 1.5 cm in length was made with sterile skin scissors, providing access to the intraperitoneal cavity. A cylindrical glass-encapsulated radiotelemetry probe (model ER-4000 E-Mitter; Mini Mitter, Bend, OR) was then inserted, and the incision was closed using absorbable 5-0 chromic gut suture material. Surgeries were carried out at least 7 days before initiation of experimental conditions, allowing time for incisions to heal and for mice to recover normal body weights. Following surgery, all implanted mice were individually housed in 15.24 Â 25.40 Â 12.70 cm 3 cages for the duration of all telemetry experiments.
Implanted transmitters produced activity-and temperature-modulated signals that were sent to a receiver (model ER-4000 Receiver; Mini Mitter) underneath each cage. These receivers were situated inside standard light-and sound-attenuating chambers (Model ENV-022M; Med Associates) to minimize environmental variability during tests. Every 5 min, the computer collected two data updates from the probes-core temperature (in 1C) on one channel and locomotor counts on the other. Each chamber was equipped with a house light (to establish a photoperiod), an exhaust fan, and a warm air heater (to increase the ambient temperature). In this regard, the HVAC system of the room was sufficient to maintain the desired 'cool' ambient temperature of 20 1C, but the heaters attached to each chamber were used to maintain the 'warm' condition at 28 1C. Ambient temperatures were monitored every 5 min by data loggers sited within the chambers (Lascar EL-USB-1; MicroDAQ, Contoocook, NH), and could be read at a Figure 1 ). After at least 60 min of baseline data collection, mice (n ¼ 5 or 6) were removed from the chambers, injected with test compound (or saline), returned to the home cage, and then returned to the chambers for 24 h of data collection.
Data Analysis
Graphical presentation of all drug discrimination and locomotor activity data depict mean±SEM. For core temperature dose-effect data ( Figure 5 ), error bars have been eliminated in order to maximize clarity of thermoregulatory responses, but SEM variability are presented in comparisons between MDPV and MDMA at both ambient temperatures ( Figure 6 ). Drug-discrimination data are expressed as percent drug-appropriate responding, which is the number of responses emitted on the drug-appropriate lever as a percentage of the total number of responses emitted. Subjects failing to emit 10 responses within 5 min of lever extension were deemed to be behaviorally disrupted and were not considered in the calculation of the percent drug-appropriate responding. Generalization was said to occur if X80% of the responses were on the drugappropriate lever, and the group mean was significantly different (via Kruskal-Wallis one-way analysis of variance (ANOVA) on ranks, followed by pairwise comparisons using the Dunn's method) from saline. Nonlinear regression analysis with a variable-slope sigmoidal dose-response curve was used to calculate the dose that elicited 50% MDPV-appropriate responding (ED 50 ; with a set range of 0-100%) for each individual animal using Graphpad Prism 4 (La Jolla, CA). These ED 50 values were averaged for each drug (n ¼ 6 for all drugs) to determine mean ED 50 ±SEM.
Although 24 h of core temperature and locomotor data were collected following all injections, figures are truncated at times between 6 and 10 h as measures had returned to control values. Core temperature data are presented as 5 min means, whereas locomotor activity data have been binned in 30 min averages.
Drugs
Racemic MDPV was synthesized in the Laboratory of Medicinal Chemistry at NIDA by one of us (KCR). Morphine, racemic MDMA, and racemic METH were obtained from the NIDA Drug Supply Program. JWH-018 was synthesized in the Department of Medicinal Chemistry at the University of Kansas and was provided as a generous gift by Thomas E Prisinzano, PhD. MDPV, MDMA, METH, and morphine were dissolved in 0.9% physiological saline, whereas JWH-018 was dissolved in a solution of 7.8% Tween 80 and 92.2% sterile water. Injections were administered intraperitoneally at a volume of 0.1 cc/10 g. Saline vehicle and all other experimental supplies were obtained from standard commercial sources.
RESULTS
Drug Discrimination
Mice reliably learned to discriminate 0.3 mg/kg MDPV (black circle) from saline (white square) (Figure 2 , left panel.) When saline was administered in training sessions, mice primarily responded on the SL. Similarly, when the training dose was administered, mice responded almost exclusively on the MDPV lever. Response rates during substitution tests were lower than those observed during training sessions, and, in sessions where saline was administered in all four components, generally decreased across the session, with rates between approximately 1.1 (in component 1) and 0.5 (in component 4) responses per second being observed (white squares, Figure 2 , right Figure 2 Left panel-discriminative stimulus effects of MDPV (black circles), MDMA (white diamonds), METH (gray triangles), JWH-018 (black diamonds), and morphine (white circles) in NIH Swiss mice trained to discriminate 0.3 mg/kg MDPV from saline (white square.) Abscissa: 'SAL' represents data following training injections of saline, whereas 'TD' represents data following administration of the MDPV training dose. Numbers refer to cumulative doses of drugs during substitution sessions, expressed as mg/kg on a log scale. Ordinate: percent of total responses emitted on the MDPV-appropriate lever. Right panel-response rates engendered during substitution sessions by multiple administrations of saline (white squares), MDPV (black circles), MDMA (white diamonds), METH (gray triangles), JWH-018 (black diamonds), or morphine (white circles). Numerals adjacent to points indicate the number of animals that failed to respond at this dose. Abscissa: 'S1-S4' represent the four discrete saline injections administered in all components of a substitution session. Numbers refer to cumulative doses of drugs during substitution sessions, expressed as mg/kg on a log scale. Ordinate: response rates, expressed as lever presses per second.
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WE Fantegrossi et al panel). During these 'all saline' substitution tests, mean MDPV lever responses ranged from 6.43 ± 4.12 to 22.38±14.80%, and did not systematically increase or decrease as the session proceeded (data not shown). During substitution tests with cumulative doses of MDPV (black circles, Figure 2 , left panel), dose-dependent and full substitution for the training dose was observed, with 480% of the total responses emitted on the DL at a cumulative dose of 0.3 mg/kg. This highest tested dose of MDPV was significantly different from discriminative responding elicited by saline (Q ¼ 4.156, Po0.05). The interpolated ED 50 for cumulative MDPV was 0.03 ± 0.01 mg/ kg, and response rates engendered by cumulative MDPV generally decreased across the session, in a manner similar to that observed with successive saline injections (black circles, Figure 2 , right panel). Treatment with MDMA elicited a dose-dependent and full substitution for the MDPV training dose (white diamonds, Figure 2 , left panel), with near exclusive choice of the DL at a cumulative dose of 0.3 mg/kg. This highest tested dose of MDMA was significantly different from discriminative responding elicited by saline (Q ¼ 4.745, Po0.05). The interpolated ED 50 for cumulative MDMA was identical to that of MDPV: 0.03 ± 0.01 mg/kg. Substitution doses of MDMA dose-dependently suppressed response rates (white diamonds, Figure 2 , right panel). Similarly, cumulative injections of METH also engendered dose-dependent and full substitution in this assay (gray triangles, Figure 2 , left panel), with 480% of the total responses emitted on the DL at a cumulative dose of 0.3 mg/kg. This highest tested dose of METH was significantly different from discriminative responding elicited by saline (Q ¼ 3.732, Po0.05). The interpolated ED 50 for cumulative METH was 0.08±0.03 mg/ kg, and METH dose-dependently suppressed response rates (gray triangles, Figure 2 , right panel). Substitutions with the negative control compounds JWH-018 (black diamonds, Figure 2 ) and morphine (white circles, Figure 2 ) resulted primarily in responding on the SL, up to doses that suppressed response rates.
The discriminative stimulus effects of MDPV were doseand time dependent (Figure 3, left panel) . Following a bolus injection of 0.1 mg/kg MDPV (gray circles, Figure 3) , responding was primarily on the saline-associated lever at 10 min after drug administration, but increased to a peak of 64.97 ± 17.56% of responses emitted on the MDPV-associated lever at 30 min, then systematically declined to salinelike levels by 50 min after injection. Injection of 0.3 mg/kg (black circles, Figure 3 ) engendered a similar pattern to that observed with the lower dose for the first 30 min after injection, but MDPV lever responding continued to increase to a maximum of 86.84 ± 10.74% at 50 min, then decreased to saline-like levels by 60 min after injection. Administration of a bolus 1.0 mg/kg dose of MDPV (white circles, Figure 3 ) resulted in substantial MDPV lever selection within 10 min of injection, peaking at a maximum of 89.04±8.00% at 30 min, and finally declining to saline-like levels at 80 min post administration. Response rates (Figure 3 , right panel) were relatively stable across repeated testing for a given bolus dose of MDPV, with no systematic increases or decreases observed from component to component.
Radiotelemetry
MDPV had a main effect on locomotor activity in mice at all doses tested, regardless of ambient temperature (Figure 4 , left panel, H ¼ 34.261, Po0.001). Interestingly, at an ambient temperature of 20 1C, the locomotor-stimulant effects of MDPV were not dose dependent across the dose range studied. In contrast, at 28 1C, MDPV generated a more typical biphasic dose-response curve, and at 10 mg/kg, the locomotor response was significantly greater (F ¼ 8.671, Po0.05) than that observed when this same dose was administered in the cool ambient environment. This apparent increase in motor activity was not due to a prolonged duration of drug action at 28 1C, but rather by an induction of greater motor activation at all time points (Figure 4, right panel) . At the highest tested dose of MDPV (30 mg/kg), significant focused stereotypy was observed at 28 1C, but not at 20 1C. Furthermore, four (of six) mice treated with 30 mg/kg MDPV at the high ambient temperature engaged in skin-picking and self-biting, which drew blood, and, in accordance with our IACUC approval, were removed from the study and euthanized. No signs of selfinjurious behavior were observed at any dose of MDPV administered at 20 1C. In contrast to MDPV, the effects of MDMA on locomotor activity have not previously been shown to depend on ambient temperature, and in these present experiments, 10 mg/kg MDMA elicited essentially identical locomotor responses at 20 1C ( Figure 5 , black circles) and 28 1C ( Figure 5 , white circles) across the time points we were able to study (see below). 
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At an ambient temperature of 20 1C, mice treated with saline maintained core temperatures between approximately 36 and 38 1C (shaded region, Figure 6 , left panel). Similar results were obtained at an ambient temperature of 28 1C, where mice cycled between approximately 36 and 38 1C, over 24 h after saline administration (shaded region, Figure 6 , right panel). Thus, the ambient temperature did not appear to have an impact on normal thermoregulation in these subjects. Doses of MDPV from 1-30 mg/kg increased core temperature in mice at the 20-1C ambient temperature ( Figure 6 , left panel), but not more so than saline injection. In contrast, at 28 1C (Figure 6 , right panel), doses of 3, 10, and 30 mg/kg MDPV pushed temperatures outside the normal thermoregulatory range. These hyperthermic effects were not dose dependent at the cool ambient temperature (filled circles, Figure 7 ), but the mean maximum temperature recorded appeared to increase with dose in the warm ambient environment (open circles, Figure 7 ). Unfortunately, intersubject variability was high, and with the relatively small group sizes in these studies, we lacked the statistical power to detect significant differences at any condition (the power of the performed ANOVA was 0.41, which is below the 0.80 power desired to make appropriate statistical comparisons). Similarly, consistent with previous studies, 10 mg/kg MDMA elicited mild hypothermic effects at 20 1C (white diamonds, Figure 8 , left panel) and severe hyperthermic effects at 28 1C (white diamonds, Figure 8, right panel) . Indeed, all mice in this group met our IACUC protocol threshold for removal from the study (core temperatures over 41 1C for 30 min) and were immediately euthanized.
DISCUSSION
The studies reported here include the first evaluations of the interoceptive effects of MDPV, a primary psychoactive component of commercial 'bath salt' preparations (Ross et al, 2011; Spiller et al, 2011) , in comparison with those of MDMA and METH in the mouse. We found that MDPV was readily trained as a discriminative stimulus, and that the discrimination was relatively pharmacologically specific, as substitution tests with the synthetic cannabinoid JWH-018 and the opioid morphine failed to engender any significant MDPV-like responding up to doses that suppressed leverpressing behavior. On the other hand, the structurally related psychostimulants MDMA and METH dose-dependently and fully generalized to the MDPV training dose. Indeed, the ED 50 values for cumulative MDPV, MDMA, and METH were virtually identical in this assay, suggesting similar potency to induce interoceptive effects across all three drugs. That the subjective effects of these drugs were so similar in the mouse may be somewhat surprising, given that MDMA (Rudnick and Wall, 1992) and METH (Rothman et al, 2001 ) are monoamine releasers, whereas MDPV, unlike other synthetic cathinones such as 4-MMC and methylone (Baumann et al, 2012a) , is not a releaser, but a cocaine-like reuptake inhibitor (Baumann et al, 2012b ; Figure 4 Left panel-locomotor activity elicited by administration of saline (squares) or various doses of MDPV (circles) in a cool (filled) or warm (unfilled) ambient environment. Abscissa: 'SAL' represents saline control data at both ambient temperatures. Numbers refer to doses of MDPV, in separate groups of animals, expressed as mg/kg on a log scale. Ordinate: mean total activity recorded over 6 h post injection, via radiotelemetry. The '(4)' adjacent to the data point for 30 mg/kg MDPV administered in the warm ambient environment denotes that four (of six) mice were killed at various time points after injection when self-injurious behavior was observed. Asterisks indicate significant differences between doses administered at ambient temperatures of 20 and 281C. Right panel-time course of locomotor stimulation following administration of 10 mg/kg MDPV in a cool (black circles) or warm (white circles) ambient environment. Abscissa: points to the left of the up arrow denote baseline data before injection, presented as the mean activity observed over 1 h. Numbers refer to time, in minutes, following MDPV administration. Ordinate: mean activity counts calculated in 30 min bins. Figure 5 Locomotor activity elicited by administration of 10 mg/kg MDMA at an ambient temperature of 20 1C (black circles) or 28 1C (white circles). The 'X' adjacent to the last data point obtained following administration of MDMA in the warm ambient environment denotes the approximate time that all mice were removed from the chambers and euthanized, in accordance with our IACUC protocol. Abscissa: points to the left of the up arrow denote baseline data before injection, presented as the mean activity observed over 1 h. Numbers refer to time, in minutes, following MDMA administration. Ordinate: mean activity counts calculated in 30 min bins.
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WE Fantegrossi et al Simmler et al, 2012) . However, METH has previously been shown to substitute for cocaine in mice trained to discriminate cocaine from saline (eg, Rodvelt et al, 2011) , and we have previously reported that cocaine produces full generalization in mice trained to discriminate S( þ )-MDMA or R( À )-MDMA from saline (Murnane et al, 2009) . Similarly, Johanson et al (2006) reported that humans could be trained to discriminate among 20 mg d-amphetamine, 0.75 mg/kg mCPP and placebo, and that when tested with 1.0 and 1.5 mg/kg MDMA, half the participants reported MDMA to be amphetamine-like and half reported it to be mCPP-like. Thus, there seems to be substantial overlap between the discriminative stimulus effects of cocaine-like reuptake blockers, amphetamine-type releasers, and MDMA. The present substitution of both MDMA and METH for the cocaine-like monoamine reuptake blocker MDPV would seem to be consistent with these previous findings. A recent study involving discriminative stimulus effects of the cathinone analogue and common 'bath salt' constituent mephedrone in the rat showed that cocaine, MDMA, and METH elicited dose-dependent mephedrone-like responding (Varner et al, 2012) , although MDMA was more effective in this regard. These results are also consistent with a psychostimulant-like interoceptive effect of synthetic cathinones, and fit with an early publication investigating amphetamine-like discriminative stimulus effects of several N-alkyl and methylenedioxysubstituted cathinone analogues in the rat (Dal Cason et al, 1997) , although this report did suggest that the methylenedioxy analogues were more MDMA-like than amphetaminelike, which is perhaps not surprising. The interoceptive effects of MDPV were dose-and time dependent in these studies. It is perhaps notable that the training dose here used-0.3 mg/kg-engendered disparate results when administered in training sessions, when accumulated up to in substitution tests, and in time-course studies where a single bolus dose was injected. This may be because of the fact that training sessions were conducted in a very different manner than test sessions. For example, during a training session, responding on the injectionappropriate lever was reinforced, providing a salient cue to guide behavior for the remainder of the session. In contrast, during cumulative dose-substitution sessions, as well as during bolus dose time-course tests, no responses were reinforced. This likely resulted in very different states of 'behavioral momentum' (Nevin et al, 1983) for the subjects across these distinct procedures, which has previously been shown to modulate drug effects in pigeons (Poling et al, 2000; Pinkston et al, 2009 ) and mice (Leslie et al, 2005) .
In our previous work investigating the discriminative stimulus effects of MDMA and its enantiomers, we reported that, following a bolus dose of 3.0 mg/kg MDMA, full discriminative control was observed within 10 min after injection and remained largely unchanged over approximately the next 50 min, suggesting that the interoceptive effects of this dose of MDMA have a relatively rapid onset and last at least 60 min after injection in the mouse . The pattern of responding after administration of 1.0 mg/kg MDPV was quite similar, and it seems likely that a higher dose of MDPV would look very similar indeed to what we have previously seen with 3.0 mg/ kg MDMA. We have also reported that cumulative doses of MDMA lead to higher concentrations of MDMA in plasma, 3,4-Methylenedioxypyrovalerone in mice WE Fantegrossi et al as compared with administration of an equivalent bolus dose, revealing that, consistent with previous studies in rats (Chu et al, 1996) , squirrel monkeys (Mechan et al, 2006; Mueller et al, 2008) , and humans (de la Torre et al, 2000) , metabolism is also decreased when the dose is administered cumulatively in the mouse . Analogous studies have not yet been performed with MDPV, but it is possible that this compound also displays nonlinear pharmacokinetics, which may explain the apparent potency differences here observed when the drug was administered cumulatively, vs when it was given as a single bolus dose. It is clear that more information on the basic pharmacokinetics of MDPV is necessary.
Because ambient temperature has been shown to largely affect the thermoregulatory effects of MDMA (Dafters, 1994; Malberg and Seiden, 1998 )-but not to alter locomotorstimulant effects (Dafters, 1994; O'Shea et al, 2005 )-we used radiotelemetry to simultaneously monitor both of these end points in response to various doses of MDPV at either 20 or 28 1C. Interestingly, we found that, in contrast to MDMA, locomotor-stimulant effects of 10 mg/kg MDPV were enhanced at the warm ambient temperature. This increase in motor activity was not due to a change in duration of drug action, but was due to MDPV eliciting absolutely greater motor activity at every time point after administration. Consistent with previous studies, we found that the locomotor effects of 10 mg/kg MDMA were essentially indistinguishable whether administered at 20 or 28 1C. The dose-effect curve for locomotor effects of MDPV at 28 1C was biphasic, due to the induction of focused stereotypy in all subjects at the highest tested dose (30 mg/kg). Observed stereotypies included self-injurious skin-picking and chestbiting behavior that became rather severe in four out of six mice, resulting in tissue injury and bleeding. It should be noted that drug-induced self-injurious behavior in the mouse has previously been reported following high or repeated doses of a range of classical drugs, including caffeine (Mardikar et al, 1969) , clonidine (Razzak et al, 1975) , L-type calcium channel agonists ( þ / À ) Bay K 8644 and FPL 64176 (Jinnah et al, 1999; Kasim et al, 2002) , METH (Shishido et al, 2000; Kita et al, 2000) , amphetamine (Wagner et al, 2004) , and pemoline (Devine 2012) . Nevertheless, no MDPV-induced self-injurious behavior was observed when the drug was administered at the cool 20-1C ambient temperature, perhaps suggesting a potential role of ambient temperature in MDPV-induced selfinjurious behavior.
With regards to MDPV effects on thermoregulation, we characterized an unexpected lack of dose dependence when the drug was administered in the 20-1C ambient environment. At that cool ambient temperature, MDPV doses from 1 to 30 mg/kg each induced a rise in core temperature of approximately 1.5 1C, which was not different from that observed following saline administration, and the time course of this effect was also similar across all tested doses. The effects of these treatments on locomotor activity at 20 1C were also not dose dependent, with each tested dose of MDPV inducing approximately 3.5-fold more activity counts than saline control injections. In contrast, maximal mean core temperatures of 37.73±0.27, 38.33±0.49, 38.44 ± 0.46, 39.23 ± 0.56, and 39.75 ± 0.81 1C were observed following administration of 0.3, 1, 3, 10, and 30 mg/kg MDPV, respectively, at an ambient temperature of 28 1C. It is not clear why dose dependency of MDPV effects should be affected by ambient temperature, and future studies designed specifically to answer this question are certainly needed.
The comparisons of 10 mg/kg MDPV and MDMA were particularly interesting. First, it should be noted that these compounds had identical ED 50 values in the present drugdiscrimination experiments, and that 10 mg/kg of either compound elicited very similar locomotor responses at 20 1C (compare filled circles in the left panel of Figure 3 with filled circles in Figure 4 ). Based on these two findings, we might expect the thermoregularoty effects of these two compounds to also show some correspondence at this dose, however, this was far from the case. When 10 mg/kg of these drugs were administered at 20 1C, MDMA reduced core temperature by about 2 1C, whereas MDPV increased core temperature by approximately 1.5 1C. When 10 mg/kg MDPV was administered at 28 1C, a similar B2.0 1C hyperthermia was observed, suggesting that ambient temperature may not be a particularly important factor in the thermoregulatory effects of MDPV in the mouse. In contrast, when 10 mg/kg MDMA was administered at 28 1C, core temperature increased by close to 6 1C, and all mice Figure 8 Effects of 10 mg/kg MDPV (black circles) or MDMA (white diamonds) on thermoregulation when administered in either a cool (left panel) or warm (right panel) ambient environment. The 'X' adjacent to the last data point obtained following administration of MDMA in the warm ambient environment denotes the approximate time that all mice were removed from the chambers and euthanized, in accordance with our IACUC protocol. Shaded regions represent the range of core temperatures recorded over 24 h from mice treated with saline. Abscissae: points to the left of the up arrow denote baseline data prior to injection. Numbers refer to time, in minutes, following MDPV or MDMA administration. Ordinates: core temperature, in 1C, as measured by radiotelemetry.
3,4-Methylenedioxypyrovalerone in mice WE Fantegrossi et al had to be prematurely removed from the study and euthanized, in accordance with our IACUC protocol. In summary, these comparisons between MDPV and MDMA suggest that, although both compounds affect thermoregulation and motor activity, they likely do so through distinct mechanisms. Mechanistic studies to investigate the role of various monoamine transporters and receptors in the mediation of MDPV-induced hyperthermia and locomotor stimulation may elucidate important underlying differences between this emerging drug of abuse and more traditional psychostimulants, and may lead to clinically relevant pharmacotherapeutics useful in cases of MDPV overdose. The presently reported studies may suggest that people recreationally using illicit 'bath salt' products might be at greater risk if their drug use occurs in a warm ambient environment. Common adverse reactions elicited by MDPV overdose in human users include agitation (perhaps analogous to locomotor-stimulant effects in mice), psychosis and violent behavior (perhaps comparable to selfinjurious behavior in mice), hyperthermia (directly observed in mice), and tachycardia (Kyle et al, 2011; Spiller et al, 2011; Borek and Holstege, 2012; Murray et al, 2012) , although no studies have yet attempted to correlate symptom severity with ambient temperature. Nevertheless, based upon the present data, we might expect to observe more extreme drug effects if MDPV is administered at higher temperatures. Results from the present drugdiscrimination experiments indicate that the subjective effects of MDPV in humans may be similar to those of the more established amphetamine-like psychostimulants, and may suggest that human users of these substances may seek similar drug experiences with 'bath salt' products. As the synthetic cathinones continue to emerge as drugs of abuse, it will be critical to rapidly respond from both a scientific and regulatory perspective. It is hoped that data-both in vitro and in vivo-will continue be used to inform policy decisions regarding these interesting compounds.
